Unfocused/weakly focused pressure pulses (UPP) are generated by an air-gun like mechanism, with a projectile accelerated by pressurized air and impinging on a metal applicator. They were introduced in 1998 for the treatment of orthopedic soft tissue pain. The patient side of the applicator (a circular piston of 630 mm diameter) releases single pressure pulses of 210 MPa and 45 µs duration. Up today, there is no standard for the measurement of UPP sources (UPPS), so data are often reported on the basis of the focused lithotripter standard IEC61846. The purpose of this research is to establish methods to reliably measure UPPS acoustic parameters and establish a parameter set based on denitions from focused lithotripsy sources as applicable. Therefore, acoustic characteristics and wave elds of the pressure pulses of UPPS from dierent manufacturers were measured in a water bath and in a dry test bench. It was demonstrated by comparison with optical hydrophones that piezoelectric hydrophones are appropriate for the measurements of UPP. For on-axis measurements at a xed distance, measurements in the dry test bench can replace water-bath measurements. Additionally, the dry test bench allows for reliable results at pulse rates > 1 Hz.
Introduction
Extracorporeal pressure pulse therapy (frequently called ESWT extracorporeal shock wave therapy) was originally established in 1993 for the treatment of calcied shoulders and tendonitis in elbows and heel spur with focused lithotripter sources [1] . Due to the instantaneous and continuing success of the method, it was soon extended to the treatment of orthopedic pain situations in various body parts.
The unfocused/weakly focused pressure pulse (UPP) sources (UPPS) were introduced in 1998 [2] . Compared to focused ESWT devices, the aperture of a UPPS is signicantly smaller. Therefore non-focused pressure pulses are generated, which propagate into the tissue in a wide angle. Their maximum amplitude occurs at the source and decreases according to a 1/z law at longer distances z. The term pressure pulse describes the fact that these pulses have rise times in the range of µs as opposed to shock waves with a rise time of ns. Frequent applications (reported success rates [3] in brackets) are e.g. shoulder pain (7891%), tennis elbow (68 91%), runner's knee (7488%), heel spur pain (3488%), archillodynia (7488%).
Technology
Usually, the UPPS is built as a pistol like handle (see Fig. 1 ), which is guided manually by the medical practitioner during therapy. Most UPPS generate the * corresponding author; e-mail:
friedrich.ueberle@haw-hamburg.de The measurement of single pressure pulses poses high demands to the sensor technology [5] .
Optical hydrophones [6, 7] have become a quasi-standard for were used. The time domain pulse parameters [6] : Peak positive and rarefaction pressure (P +, P −), rise time (10% to 90% of P +) t R , positive pulse width (50% to 50% of P +) t W , and the pressure-pulse integral P II+ = 1/ρc Positive pulse duration p 2 (t) dt were evaluated using the denitions of the lithotripsy measurement standard IEC 61846 [5] . + denotes that only the positive pulse portion is taken, ρc is the characteristic impedance of the medium. The pulse energy was calculated by spatial integration of the lateral P II+ values in a circular area parallel to the applicator surface at a given distance.
Measurements of four handles with 6 applicators of air pressure-driven ballistic UPPS were made in water and in a dry test bench (Fig. 1) . This test bench uses a coupling pad of 5 mm thickness between applicator and hy- 3. Results and discussion Figure 2 shows the comparison of the pressuretime signals measured by the optical and the piezoelectric hydrophones. In order to compensate the dynamic properties of the optical hydrophones, deconvolution using the hydrophone's impulse response [6] was applied. After this processing, the parameters P +, P −, P II+, t R and t W [5, 6] of the rst signicant pulse parts show a good match. Fig. 2 . On-axis pressure measurements of a PPS, measured at 5 mm distance with two optical and a piezoelectric hydrophone HGL200 (Applicator #2). Fig. 3 . Spatial distributions of P +, P − and pulse intensity P II+ along the PPS axis, measured in degassed water (applicator #5, HGL400 hydrophone). Measurements at repeat rates higher than 2 Hz are often not possible in water due to the development of cavitation at higher driving settings. In the dry test bench, cavitation does not occur. Thus the characterization of the pulse-to-pulse variations and the long-term stability of the PPS as well as the measurement of pulse timing parameters t R and t W at a xed distance from the applicator can be made in the dry test bench with the same accuracy as in water [4, 8] . As cavitation is avoided, the parameters can also be measured at higher pulse repeat rates (Fig. 5) . It was observed that the P + /P − /P II+ values decrease at higher repeat rates in some devices. 
Conclusions
Pressure pulse eld parameters (axial and lateral distributions of P +, P − and P II+, and the pulse energy E+ derived from the measurements [5] ) can be measured in a water bath in single pulse mode, using a PVDF hydrophone. Some denitions as of the IEC standard for FPP sources [5] : rise time t R and Pulse width t W , peak positive and negative pressures P + and P −, and the Pulse Intensity Integral P II+ also apply for UPPS. Otherwise, eld distribution parameters related to a focus do not apply for UPPS. Instead, they should be replaced by lateral eld width values at a xed distance (5 mm) from the applicator and by values measured on-axis at dierent distances (see Fig. 3 , at least at 1, 5, 10, 20 mm).
Pressure-time parameters (P +, P −, t R , t W , P II+)
at a xed distance on-axis can be measured fast and reliable in the dry test bench, using the same piezoelectric hydrophones as in water. It could be demonstrated that p(t), P +, P − and P II+ values are the same as in water [4] . A major advantage of the dry test bench is that these parameters can also be measured reliably at high pulse repeat rates, as cavitation does not occur.
The methods and results described in this paper will be used to propose a measurement standard for the characterization of UPPS, which facilitates the description of treatment parameters and of treatment results of different devices and helps to understand the biomedical eects of UPP.
